B rain metastases (BMs) are the most common intracranial tumors in adults, occurring in 20%-40% of cancer patients. 26 Their incidence has been increasing due to both prolonged systemic control and improved detection, making BMs a growing cause of mortality and morbidity.
detection of BMs, even when they are tiny, is essential for optimizing treatment, providing cost-effective care, and preserving a good quality of life among patients with metastatic disease.
Advances in surgery, systemic therapies, and radiosurgery have significantly enhanced local control and survival for patients with BMs, even for those with multiple metastases. 1, 9, 34 However, these treatments rely on proper tumor visualization. Tumor detection is particularly important for stereotactic radiosurgery (SRS), a noninvasive focal treatment that can target and control metastases while avoiding whole-brain irradiation. Stereotactic radiosurgery does not cause the long-term neurological deficits associated with whole-brain irradiation. 2, 4, 5, 10, 12 However, because SRS is a local therapy, it is important to avoid "missing" or inadequately treating metastases that could be detected and targeted during planned SRS.
Furthermore, published guidelines that were developed to assist with the selection of which treatment modality to use for patients with BMs (surgery, whole-brain irradiation, SRS alone or as a postresection adjuvant therapy, or palliative care) depends, among other things, on factors such as the number of BMs and their sizes or volumes. 18, 20, 25, 28, 29 Improving radiological imaging methods is instrumental for correctly ascertaining the size and number of lesions for resection and radiation treatment calculations. 20 In addition, the current prognostic characteristics of individual patients rely on recursive partitioning analysis, for which accurate imaging is essential. 28 Importantly, BM number has been shown to assist with survival prognostication for certain tumor histologies. 28 The aim of this study was to determine whether BM detection for SRS planning improved with a time delay following administration of gadobenate dimeglumine (MultiHance; Bracco Diagnostics) for 1.5-T and 3-T imaging systems. The high relaxivity of gadobenate dimeglumine provides an increased lesion-to-brain signal intensity on T1-weighted MR images, resulting in increased contrast enhancement. Therefore, there is support for its use at lower doses than other contrast agents. 21 This is the first study to examine the use of gadobenate with time-delayed isotropic imaging. Previous studies have examined time delays for other intracranial pathologies, 7, 24 as well as for brain tumors when using other contrast agents. 6, 32 Some have suggested the use of double-or triple-dose contrast to improve BM detection, 8, 30, 35 but this may increase the risk of developing complications (e.g., nephrogenic systemic fibrosis in patients with renal impairment 13 ) and adds to the cost of the examination. Although multiple-dose, gadolinium-enhanced imaging is certainly feasible when a dedicated SRS-planning MRI is scheduled, it is not feasible for routine surveillance or diagnostic imaging for patients who are known or suspected to have BMs.
methods patients
This research study recruited patients over the age of 18 with a Karnofsky Performance Scale score of 70 or above, 11 who previously had a contrast-enhanced MRI that confirmed 1-4 BMs. Thirty-eight patients with a mean age of 64 years (23 female, 15 male) gave informed consent. Fifty-three pre-and post-SRS MRI studies were conducted, 2 of which were motion limited and excluded. Seventeen scans were obtained prior to any SRS, and 36 were obtained as surveillance imaging studies in patients who had previously undergone SRS. No patient had previously undergone whole-brain irradiation. This research study was approved by the North Shore-LIJ Health System institutional review board. Lung cancer was the primary site of disease for 23 patients, breast cancer for 6, melanoma for 4, colon cancer for 2, renal cancer for 2, and ovarian cancer for 1 ( Table 1) .
mri
Imaging was performed on either a 3-T (Verio 3T, Siemens or Signa HDxt 3.0T, GE Healthcare) or 1.5-T (Signa HDxt 1.5T, GE Healthcare) MRI system. The protocol included an initial isotropic T1-weighted gradient echo (T1-GRE) noncontrast sequence lasting 4-5 minutes. Then, standard (0.1 mmol/kg) weight-based dosing of gadobenate dimeglumine was administered followed by a 20-ml saline flush. The time of the contrast injection was recorded for all patients. Contrast administration via power injection at 2 ml/sec was immediately followed by an axial isotropic T1-GRE postcontrast study 4-5 minutes in duration. The third scan was an axial T2-weighted study lasting 5-6 minutes. Two more axial isotropic T1-GRE postcontrast scans were sequentially obtained. In total, each patient received 3 axial T1-weighted postcontrast MRI scans. This protocol was designed to meet the time limit of a 30-minute study.
The isotropic T1-GRE imaging parameters were BRAVO (GE 1.5T) T1-weighted (TR/TE/TI 10.7/4.4-14/450 msec, flip angle 13°) with 1.0-mm slice thickness, bandwidth 25 kHz, matrix 320 × 320, FOV 240 mm. We also used MPRAGE (Siemens 3T) (TR/TE/ TI 1900/3.11/900 msec, flip angle 9°) with 0.9-mm slice thickness.
image analysis
When the study was complete, each of these scans was recorded and assigned to either a first, second, or third imaging group. The studies were randomized and examined separately by 3 radiologists, who were blinded to the temporal sequence. Each radiologist recorded the number of BMs detected per scan. One radiologist (V.N.) determined the scan on which BMs were most conspicuous by visual inspection. The 3 individual time-anonymized scans were loaded into the iPlan RT (Brainlab AG) server and had the window and level individually adjusted to permit clear distinction of the tumor margins from contiguous normal brain parenchyma. The perimeters of each lesion greater than 2 mm in diameter (the minimum size for accurate measurement) were contoured along the edges of visible enhancement for each slice on which the tumors were visualized for each contrast-enhanced sequence. Scan-specific individual tumor volumes were automatically calculated through interpolation by the iPlan software. There were no predefined "optimal" thresholding settings observed uniformly through the imaging and contouring process. When necessary to resolve fine detail, settings were ad-justed. When later studies revealed lesions that had not been detected on earlier studies, the corresponding scans were rescrutinized for any evidence of overlooked lesions. Repetitive contouring was not performed to assess interand intraindividual variation in contouring.
statistical analysis
To analyze the differences in lesion count among the 3 imaging times, interclass correlations were established for the number of lesions counted by the radiologists to measure the interrater reliability, or agreement. The interclass correlations for the first scan (Scan 1), second scan (Scan 2), and third scan (Scan 3) were 0.7392, 0.7951, and 0.7290, respectively, demonstrating good interrater reliability. Given these findings, the number of lesions counted by the senior neuroradiologist was used for all subsequent analyses.
A Wilcoxon signed-rank test was used to determine whether the difference between the number of detected metastases on the first scan (immediately after contrast injection), as compared with scans at 10-and 15-minute delays, was significant. Accordingly, the proportion of subjects in whom at least 1 additional tumor was detected at each of the 3 successive testing stages was calculated, along with their corresponding exact 90% binomial CIs.
To analyze changes in lesion volume at each successive imaging time, a linear mixed model was used. Percent change in volume for each lesion was expressed as the log ratio of tumor volume at a later scan relative to the one before it. The significance level was Bonferroni-adjusted for 2 primary outcomes, which are percent change from 1) the immediate scan to the scan at a 10-minute delay, and 2) the scan at 10-minute delay to the scan at 15-minute delay. Results were considered significant at the level of p < 0.025 (0.05 ÷ 2 = 0.025).
Because some tumors were not visible on all 3 scans, calculating their volume change was a challenge. Clearly, if a lesion was not seen on an early scan but became visible at a later imaging time, it could not have had a volume of 0 during the earlier scan. However, because it was not actually seen, it was impossible to calculate its initial volume. Thus, for statistical purposes, we had to assign a superficial "lower measurable limit" to those tumors. Thus, "treatable" tumors were defined as tumors that were enhanced, visible, and measurable (> 2 mm in diameter) in at least 1 of the 3 scans. A tumor that was seen in a later scan but was not enhanced, visible, or measurable in an earlier scan was given a volume of 0.001 mm 3 in the earlier scan, which we defined for this study as a lower bound of "measurable" volume. One data outlier was removed because of this adjustment. Removal from the study of all tumors that were not visible on each of the 3 scans would skew the analysis, because many tumors that clearly appeared on later scans were not visible at earlier imaging times.
results lesion Number
In 35.3% of all subjects (95% CI 22.4%-49.9%), at least 1 new lesion was detected in the second scan as compared with the first scan. The range of increase in the number of metastases detected was 1-10, with a mode of 1. An additional 21.6% of subjects (95% CI 11.3%-35.3%) had at least 1 new lesion detected in the third scan as compared with the second scan. The range was 1-9, with a mode of 1 metastasis (Table 2) .
lesion conspicuity
In 34 of the 51 subjects (66.7%), the radiologist blindly selected the third scan (acquired 15 minutes after injection) as the one providing the best lesion visibility and conspicuity. The second scan was selected as having the best conspicuity in 25.5% of subjects, and the first scan was selected in 7.8% of subjects.
Additionally, it was found that 21.6% (95% CI 11.3%-35.3%) of patients had a decrease in the number of lesions detected between Scans 1 and 2, and 15.7% (95% CI 7.0%-28.6%) had a decrease in the number of lesions detected between Scans 2 and 3. The range of decrease for both comparisons was from 1 to 3, with a mode of 1 lesion. It is important to note that none of the lesions that disappeared were large enough to be measured accurately (< 2 mm in diameter). At this size, it is probable that the "lesions" were vascular enhancements rather than metastases, and thus would not have been treated. To ensure that there was an overall increase in the number of lesions seen at a time delay, the difference in tumor number between Scans 1 and 3 was also compared. There was at least 1 new lesion detected in the third scan as compared with the first scan in 43.1% (95% CI 29.3%-57.8%) of subjects, indicating an overall increase in the number of metastases seen between the immediate and delayed scans. The increase in the number of metastases between Scans 1 and 2 and between Scans 1 and 3 was found to be statistically significant (p = 0.0367 and p = 0.0264, respectively).
lesion volume
There were a total of 234 treatable lesions among 49 subjects who underwent delayed-time MRI for the detec- . This was an uncommon occurrence, which resulted in that tumor being an outlier. When this 1 lesion was removed from the analysis, there was a significant increase in tumor volume detected from Scans 2 to 3 (p < 0.0001) ( Table 3) .
time-delayed contrast-enhanced mri
Detection of lesions after a time delay is illustrated in Figs. 1-3 .
discussion
Stereotactic radiosurgery of BMs is inherently an image-based technique. For this reason, imaging should accurately quantify the number of BMs, maximize the conspicuity of these lesions, and provide reliable lesion morphology to contour lesions to be targeted by imageguided treatment. In this study, we prospectively analyzed the effects of time delay on the detection of BMs. Improving metastasis detection prior to an initial treatment is necessary to avoid the selection of inappropriate interventions.
For example, if a patient has an ostensibly single, 2-cm brain metastasis without significant mass effect or clinical symptoms, it is potentially treatable with either resection or SRS. If the patient actually has several additional small CNS metastases that are revealed by more sensitive MRI, surgery may no longer be a first choice for management. Moreover, if such a patient's management is SRS alone (to avoid neurocognitive sequelae) and only the largest, index metastasis is treated, then the omission of wholebrain irradiation or focal treatment with SRS of the smallest metastases would almost certainly soon be followed by the manifestation of additional metastatic foci on routine post-SRS surveillance imaging. The need in these cases for salvage therapy adds to the cost of patient management and is distressing to the patient and caregivers alike. Finally, timely identification of BMs is highly cost effective, helping to prevent unnecessary surgeries and aggressive radiation therapy for lesions that could have been treated earlier, at a lower cost and with a lower morbidity rate. 16 To optimize lesion conspicuity, gadobenate dimeglumine was selected for this study because it has been shown to have a higher contrast-to-noise ratio compared with other gadolinium-based agents. 24 Patients were examined using thin-section imaging (0.9-1.0-mm slice thickness, which increases the sensitivity of lesion detection 6, 17 ), and isotropic imaging data are needed for SRS treatment planning for reliable morphological contouring.
We found more lesions with a time delay after contrast injection. Of patients in our study, 35 .3% showed at least 1 new lesion when imaged 10 minutes after injection. In addition, there was a 25.4% mean increase in metastasis volume between immediate imaging and that done at a 10-minute delay. There was no significant increase in the number of metastases seen between the scans performed at 10-and 15-minute delays. However, there was a statistically significant (9%) increase in volume between the scans at 10 and 15 minutes. The scan acquired 15 minutes after injection provided the best tumor conspicuity in 66.7% of those studied. Therefore, we conclude that peak enhancement was achieved during the window of 10-15 minutes after injection. This is effective for improved lesion enhancement and still provides enough flexibility for the clinical setting.
The clinical implications of the increase in metastasis volume over time may be significant. It is known that for BMs, there is often an extension of microscopic disease beyond the radiographically detected tumor. 3 A nonrandomized, single-institution retrospective study reported improved local control after SRS when a 1-mm margin was added to the contrast-enhanced tumor. 19 The possibility exists that by using a delayed acquisition to include "all" of the metastases within the SRS prescription-isodose surface, local control with SRS alone may be maximized.
Delayed imaging with other gadolinium-based agents has previously shown improved lesion detection. Schörner et al. found that after an 8.5-minute delay, tumor-signal intensity increased. In addition, they noted that central tumor necrosis exhibited a delayed uptake of contrast. 23 Yuh et al. found that detection of lesions smaller than 10 mm improved after both a 10-and 20-minute delay. 35 However, the increased relaxivity of gadobenate dimeglumine allows it to be used with shorter delay times, making it more efficient in a busy clinical imaging setting.
Successful imaging relies on ascertaining how closely enhancement on MR images correlates to the tumor's actual physiology. The leptomeningeal enhancement caused by BMs on MR images is due to a disruption of the bloodbrain barrier, because metastases have an abnormally high capillary permeability compared with healthy tissue. Gadobenate dimeglumine interacts with serum albumin. This increases R1 relaxivity, which results in brighter, more avid contrast enhancement. A delay in imaging may be effective in increasing contrast intensity because it allows more time for aberrant and leaky neovasculature within the metastasis to be perfused with the contrast. 15 The small vascular surface of tiny metastatic foci may not permit very much contrast to be extravasated with firstpass kinetics. Additional diffusion of contrast from the neovasculature almost certainly occurs over time as contrast recirculates through the cerebral vasculature.
One possible limitation to our study is that glucocorticoid analogs, such as dexamethasone, were administered to our patients for the treatment of increased intracranial pressure due to tumor mass effect. It is known that glucocorticoid analogs cause significantly decreased T1 signal uptake, decreasing enhancement. 33 In our study, all but 3 patients were treated with either intravenous or oral dexa- methasone at the time of imaging. Because dexamethasone causes blood vessels to be less permeable to contrast, our results may have shown fewer lesions, with less contrast perfusion, than were actually present. Although the results of our study were probably not significantly skewed, the administration of dexamethasone prior to imaging may be an issue that is common to many patients who are being imaged to plan for SRS. An additional limitation to the study was difficulty in delineating between true tumor enhancement and the leakage of contrast into edematous areas surrounding the lesions. There is currently no correction formula or imaging technique that clearly distinguishes this "pseudoenhancement" from contrast-enhanced lesions. The application of dynamic contrast-enhanced MRI to evaluate leakage of contrast in surrounding tissues was not feasible in this study. Without a biopsy of the tumor margins, there is no way to definitively determine whether the enhanced tissue is truly malignant. Thus, it is possible that some of the tumor growth we saw may have actually been contrast leakage. Clinically, it is better to irradiate areas of edema surrounding BMs than to undertreat the tumors themselves and risk a local recurrence. However, in the future, it would be valuable to establish a correction formula for BM volume, taking edema into account. High-dose gadolinium has been documented to be another method of improving the detection of small BMs. 35 However, using a time delay may be superior to higher contrast dose for several reasons. First, the benefits for tumor detection have been inconclusive thus far. 7, 27 Furthermore, using more contrast may increase the risk of nephrogenic systemic fibrosis for some patients, and using more contrast increases costs. A direct comparison of multiple-dose contrast and delayed imaging would be helpful to determine if one method is superior for metastasis detection.
conclusions
The importance of timely detection of BMs has been demonstrated for cost effectiveness, treatment success, and, most importantly, patient comfort. Our study showed that lesion number, volume, and conspicuity increase with a time delay following the administration of gadobenate dimeglumine on both 1.5-T and 3-T magnets. We recommend that postcontrast MR images be acquired between 10 and 15 minutes after injection for peak tumor defini- tion. Volumetric, delayed gadolinium-enhanced imaging has become our institutional standard for BMs, regardless of whether SRS is planned.
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